The genomes of three Pyrococcus species, P.abyssi, P.furiosus and P.horikoshii, were compared at the DNA level, taking advantage of our identification of their replication origins. Three types of rearrangements have been identified: (i) inversion and translation across the replication axis (origin/terminus), (ii) inversion and translocation restricted to a replichore (the half chromosome divided by the replication axis) and (iii) apparent mobility of long clusters of repeated sequences. Rearrangements restricted within a replichore were more common between P.furiosus and the two other Pyrococcus species than between P.horikoshii and P.abyssi. A strong correlation was found between 23 homologous insertion sequence elements, present only in P.furiosus, and recombined segment boundaries, suggesting that transposition events have been a major cause of genomic disruption in this species. Moreover, gene orientation bias was much more disrupted than strand composition biases in fragments that switched their orientation within a replichore upon recombination. This allowed us to conclude that one reversion and one translation occurred in P.abyssi after its divergence from P.horikoshii, and that a smaller segment has specifically recombined in P.furiosus. Whereas a majority of genes are transcribed in the same direction as DNA replication in P.horikoshii and P.abyssi, the colinearity of transcription and replication is only maintained for highly transcribed genes in P.furiosus. We discuss the implications of genomic rearrangements on gene orientation and composition biases, and their consequences on sequence evolution.
INTRODUCTION
Comparative genomics has, up to now, mostly focused either on the comparison of distantly related organisms, aiming to reconstruct global phylogenetic trees (1) (2) (3) (4) (5) , or on pairwise comparisons of closely related pathogenic bacteria with distinct phenotypes in order to identify genes involved in different tissue tropism and disease expression (6, 7) . Genomes of closely related species showed a limited number of recombination events between pairs of Mycoplasma species, Helicobacter pylori and Chlamydia isolates, whereas many rearrangements were identified inside pairs of different Pyrococcus, Mycobacterium and Chlamydia species (6-13; see 8 for a review on genome rearrangements). These rearrangements were so extensive in the Mycobacterium and Pyrococcus species that only short regions of gene order conservation (synteny) were identified between genomes. In the case of the two Pyrococcus species, P.furiosus and P.horikoshii, Robb and colleagues suggested that the genomes of these hyperthermophiles were especially prone to DNA recombination, possibly in relation to their ability to withstand high doses of ionizing radiation (9, 14) . However, comparative analyses of bacterial and archaeal genomic physical maps have already indicated a similar level of chromosomal rearrangement in closely related species or even strains (15) (16) (17) , indicating that genome plasticity might be the rule in prokaryotic genome evolution.
Pairwise comparison of Helicobacter isolates, and Chlamydia and Mycobacterium species, led Tillier and Collins (12) to suggest that genome rearrangement occurred mainly via replication-directed translocation. This originates from the observation that many non-colinear genes between the two closely related genomes were inverted and translocated across an axis defined by the origin and terminus of replication (oriC and terC), which separates the chromosome into two 'replichores', as already documented in bacteria (see, for example, [18] [19] [20] . Comparison of the Helicobacter isolates examined so far also suggested that insertion elements and restriction-modification genes are another important driving force behind recombination in these strains (6) , whereas comparison of the Chlamydia genomes (7) revealed that some major rearrangements also occurred at pathogenicity-linked 'plasticity zones'. A variety of other mechanisms have been proposed to explain fragment shuffling, such as homologous recombination between GC-rich repetitive sequences of the RepMP family in Mycoplasma species (21) , or recombination between rRNA operons, insertion sequences (IS) or other repeated elements in Escherichia coli and other bacteria (16, 22, 23 (24) , suggested that two chromosomal rearrangements, and possibly more, could be linked to restriction-modificationbearing mobile elements. However, the actual function and mobility of these genes remains to be ascertained in Pyrococcus. Likewise, Lecompte et al. (25) concluded from comparison of the three Pyrococcus species that rearrangements originated from site-specific as well as from non-homologous recombinations, based on tRNA gene targeted integration/deletion and IS element transposition, respectively, a situation reminiscent of what has been found in Helicobacter.
As highlighted above, knowledge of the replication mode and oriC localization is of particular importance in understanding inter-species genome rearrangements. We have recently been able to identify both in silico and experimentally the replication origin of the archaeon P.abyssi (26) , and pairwise comparison of P.abyssi and P.horikoshii has already indicated that the replication terminus is a hot spot for recombination in the Pyrococcus genus, as in Bacteria (25, 26) . Moreover, in a preliminary investigation, we and others (27, 28) pointed out that most rearranged segments in the three Pyrococcus species fall into two different categories, namely replication driven, symmetrical cross-replichore recombination, and intra-replichore rearrangements often linked to IS element transposition.
Our identification of the replication origins in three closely related Pyrococcus species (P.abyssi, P.horikoshii and P.furiosus) (26) allowed us to analyze in more detail the different types of chromosomal rearrangements that have occurred between their three genomes. The observation of a clear correlation between modifications of strand composition biases and the different kinds of rearrangements within the chromosome replichores allowed us to gain insights into the mechanism of genome evolution in the archaeal domain.
MATERIALS AND METHODS

Genome sequences
Pyrococcus abyssi and P.horikoshii complete nucleotide sequences and annotations were retrieved from GenBank at http://www.ncbi.nlm.nih.gov/Genomes/. Accession numbers are AL096836 and BA000001 for P.abyssi and P.horikoshii, respectively.
Pyrococcus furiosus complete nucleotide sequence and annotation is as provided by the Utah Genome Center at http:// www.genome.utah.edu/sequence.html. The unpublished sequence annotation is credited to R. B. Weiss, D. M. Dunn, F. T. Robb and J. R. Brown.
Whole genome alignments, repeated sequences analysis
Inter-genome comparisons were performed by pairwise BLASTN alignments (29) with the following settings: default alignment parameters (gap penalties: existence, 5; extension, 2) were used without filtering and with an exclusion threshold of E < 10 -05 (expectation value). Genome sequences were chopped into 100 nt segments, and subsequently blasted against the two other genomes. Sequences having the best high-scoring segment pair were used to plot the alignment diagram, retaining 100 nt segments showing 100% identity over at least 25 nt within both matched genomes. Control comparisons were done by aligning protein sequence sets from each genome with a 60% identity threshold, showing plot diagrams almost identical to those obtained by nucleic alignments.
Intra-genome comparison for long clusters of tandem repeats (LCTRs) was performed as above, except that 10 000 nt segments were used.
Sequence composition analysis
Strand composition analyses were performed essentially as described (30, 31) . Briefly, a skew is defined as the ratio of one oligonucleotide (word skew) to its reverse complement over a fixed length window (here one-fiftieth of genome length). Informative words, i.e. strongly biased, are used [such as G over C skew (G/C skew) or the Chi octamer GCTGGTGG of E.coli (32) ]. For all three Pyrococcus species, the GGTT tetramer has a strong bias and a well-defined singularity (26) and thereafter was chosen as a reference. The skew was computed over the entire genome sequence by shifting the window by 1/240th of genome length increments. For gene orientation bias, the ratio of the number of genes (as annotated in public databases) in each orientation within the window was used in place of oligonucleotides. For 'AT3' skew, the ratio of A to T nucleotides at the third codon position only was computed. Cumulative skews (30) were used in this study, i.e. skew values were integrated from the starting point in the sequence as given in the database.
Codon usage bias was measured by the codon adaptation index (CAI) method (33) . The CAI was calibrated on ribosomal proteins, whose sequence should be encoded by the most highly expressed genes.
RESULTS AND DISCUSSION
Chromosomal rearrangements among the three Pyrococcus genomes
Whole Pyrococcus genome alignments ( Fig. 1) showed that the extent of rearrangement that occurred after the three species diverged is much lower between P.abyssi and P.horikoshii than between these two species and P.furiosus. Our analysis showed that there are three large and four small chromosomal segments (segments A-G; Fig 1A) between P.abyssi and P.horikoshii, ranging from 40 to 500 kb, for which nucleotide similarity is sufficient to produce continuous segments on plot diagrams and overall gene order conservation is preserved (synteny regions; see Materials and Methods), whereas 10 smaller segments of colinear gene order ranging from 40 to 120 kb existed between the three genomes (a1, a10, d5-d8, g2-g4 and c9), along with several other even smaller fragments ( Fig. 1B and C) .
The most parsimonious explanation for large segments shuffling between P.abyssi and P.horikoshii implies that two inversions (segments A and C) and one transposition (E/F) occurred after their divergence (Fig. 2) . The ~370 kb A segment is, moreover, remarkable because it contains the replication origin. As a consequence, its reversion in P.abyssi compared to P.horikoshii does not change gene orientation relative to the origin and terminus of replication axis (26) , and produces the characteristic X-shaped plot diagrams (12,13) (Fig. 1A) .
When comparing the P.abyssi and P.horikoshii pair to P.furiosus, large A to G segments were disrupted into many pieces often <50 kb, and no synteny remained in the plot's central region. Although substantial, these rearrangements did not alter the cumulative word skew obtained for P.furiosus, which remained quite similar to those of P.abyssi and P.horikoshii (Fig. 1D) , the singularity in the P.furiosus skew curve coinciding with the genome region homologous to oriC already identified in the other Pyrococcus species.
Segment boundaries in P.abyssi and P.horikoshii often remained difficult to ascertain even by examining pairwise nucleotide genome alignments (see Materials and Methods), and transitions between segments could not be narrowed to regions <0.2 kb at best, and up to ∼10 kb. This, in turn, hampered recognition of clear-cut features at boundaries, although some of the smaller indel borders were indeed correlated with the nearby presence of tRNA genes or restrictionmodification genes (24, 25) .
The case of P.furiosus is somewhat different, as there is a noticeable correlation between the location of 23 homologous transposon-associated IS-like elements identified by Diruggiero et al. (34) and the segmentation pattern. Their distribution is clearly non-random (Fig. 1B) , since 16 of them are located near shuffled segments boundaries, five are in completely scrambled regions and only two are found within an undisturbed segment. Since multicopy IS elements are not found in P.horikoshii and P.abyssi, the P.furiosus genome could have been invaded by these elements after its divergence from the common lineage to P.horikoshii and P.abyssi. Surprisingly, 8 out of the 10 syntenic segments that remained between P.furiosus and the other Pyrococcus species were shuffled in P.furiosus (segments a1, a10, d5, d6, d8 and g2-g4; Fig. 2 ), but stay inside the same replichore in all three species (28) . The origin/terminus of the replication axis therefore seems to act as an effective barrier to fragment exchange in Pyrococcus, in contrast to what has been observed for replication-related fragment shuffling in Chlamydia and Mycobacterium species.
Strand composition bias as a gauge of genome evolution
Large genomic rearrangements identified between Pyrococcus strains were investigated using strand composition bias analysis, more specifically cumulative skew analysis, a method that allowed us to identify the replication origin in Pyrococcus (26) . Regular compositional skews (oligonucleotide skews, GC skews, etc.) often observed in whole genomic sequences are tightly correlated with the chromosome replication origin and terminus axis (30, (35) (36) (37) . Consequently, chromosomal rearrangements have different consequences on skew curves, depending on whether or not rearranged fragments change their orientation relative to replication direction. In the first case, termed non-synonymous rearrangement, a significant perturbation is expected in the curves, whereas in the second, synonymous rearrangement case, skew curve modification should be minimal. As noted above, however, skew curves of Figure 2 . A sketch of P.abyssi, P.horikoshii and P.furiosus genome organization. Location and orientation of major syntenic A to G segments between P.abyssi and P.horikoshii are represented on outer circles by solid colored arrows, along with 10 syntenic segments of P.furiosus (a1, a10, g2-g4, d5-d8 and c9) represented with shaded color arrows on inner circles. For P.furiosus (bottom) only a, g, d and c small fragments are presented in shaded arrows. For each genome, oriC, the replication origin, and the symmetrically located putative terminus of replication are connected by a gray dashed arrow, dividing the chromosome into two replichores. LCTR elements are indicated for each genome with their respective orientation. reversed segments containing the replication origin should not change, because gene orientation, hence sequence composition bias, is unchanged relative to replication direction.
Close comparison of the three Pyrococcus species led us to focus on three segments with conserved up and downstream genomic environments, making them suitable for comparison, and having experienced non-synonymous recombinations: the C reversion and the E/F translation, both between P.horikoshii and P.abyssi (bordered by segments B/D and segments D/G, respectively), and the d8 segment reversal in P.furiosus (bordered by segments d7 and c9 in all three Pyrococcus species; see Fig. 2 ).
All three segments share a common pattern of differences in their skew curves (Fig. 3) . Indeed, for each segment, one genome (or group of genomes) showed smooth and regular curves, whereas the other (or group) showed disturbed skew curves, with gene orientation skew always most highly perturbed. Hence C, and to a lesser extent E/F, regions displayed quite regular skews in P.horikoshii for GGTT word, gene orientation and AT at the third base of the codon (AT3; Fig. 3 ) but the gene orientation and GGTT skews are markedly upset in P.abyssi. The GGTT skew perturbation was, however, less pronounced for the E/F region. In the d8 segment, gene orientation skew was reversed in P.furiosus compared to GGTT and AT3 skews, whereas all skews had the same orientation in P.abyssi and P.horikoshii. The fact that these segments share equivalent genomic environments in all genomes gives us a strong argument to conclude that segments C and likely E/F were rearranged in P.abyssi and not in P.horikoshii, and that the d8 segment was rearranged in P.furiosus.
The observed uncoupling of compositional biases implies that they evolved at different rates, in agreement with the hypothesis that skews tend to settle with different kinetics (AT3 > word > gene orientation) depending on differential selective pressures, such as mutation bias at specific positions in the codon, strand-specific replication or transcriptioncoupled repair, or others (30, 31, 35) . Our results also showed that the AT3 skew was less upset than the word skew (here GGTT), which was itself, as expected, less perturbed than the gene orientation skew (Fig. 3) . This explains why the three Pyrococcus genomes exhibit such regular AT3 skews despite their numerous rearrangements. In particular, a restoration of the smooth gene orientation curve after non-synonymous recombinations (such as the C, E/F and d8 segments) would require all genes to be reversed back, whereas settlement of other nucleotide or word skews do not require a gene orientation switch, due to degeneracy of the genetic code.
Long clusters of tandem repeats mobility
The three Pyrococcus genomes contained several copies of LCTRs also detected in other chromosomes and plasmids from archaea or some bacteria (38) (39) (40) (41) . LCTRs are non-coding regions characterized by clusters of short (~30 nt) repeated elements organized in tandem, each element being regularly spaced by unique intervening sequences ranging from 60 to 100 nt (Fig. 4) . Pyrococcus short repeats split into two families of related sequences, R1 and R2, which never combine within the same repeats cluster. As shown in Figure 2 , two LCTRs are symmetrically located around and roughly at the same distance from replication origins of P.abyssi and P.horikoshii, a third one being located at ∼50 kb of the putative terminus (Fig. 2) . Surprisingly, although both R1 and R2 families of LCTRs are present in each genome, those flanking the replication origin and terminus of P.horikoshii are from the R1 family, whereas the P.abyssi oriC and terminus are surrounded by R2 LCTRs. Moreover, R1 family clusters found in the A and E segments in P.horikoshii are confined to segment D in P.abyssi, whereas family R2 clusters (on segments D, F and G) in P.horikoshii switch to segments A and F in P.abyssi (Fig. 2) . A tentative explanation for this reciprocal shuffling between two Pyrococcus strains is that LCTRs behave like mobile elements.
Indeed, it has been argued that LCTRs may be involved in gene transfer (38) , but analogy with some plasmid partition systems led several authors to suggest that archaeal LCTRs could be analogs of bacterial partition sequences (40, 41) . In good agreement with this hypothesis, the peculiar organization of LCTRs around oriC and terC observed in P.abyssi and P.horikoshii was also found in genomes of the archaeon Methanobacterium thermoautotrophicum and of the bacterium Thermotoga maritima (not shown).
However, P.furiosus does not apparently follow the same rules, as only R2 family LCTRs are present, and their overall distribution is different from the previous scheme. If our model of the recent invasion of P.furiosus by IS elements is correct, it could be hypothesized that this strain is in the process of reorganizing his LCTRs.
Replication/transcription fitting in the course of chromosome evolution
Bacterial genomes for which the location of the replication origin is known typically verify that a majority of genes are transcribed in the same direction as DNA replication (42) (43) (44) ). This appears also true for P.horikoshii and P.abyssi, in which ∼54% of predicted genes are transcribed in the same direction as DNA replication ( Table 1 ). The situation in P.furiosus is strikingly different, as exemplified by the concave shape of the gene orientation skew curve (Fig. 3) and the fact that only about 45% of genes are transcribed in the same direction as replication (Table 1 ). This feature is unique among completely sequenced genomes until now. However, if we restrict this analysis to subclasses of most highly expressed genes (e.g. ribosomal protein genes, see top ranking CAI 10, 5 and 2% in Table 1 ), the codirectionality of replication and transcription is restored for the three genomes. A notable exception is P.abyssi, for which the colinearity of gene orientation and replication decreases as the sampling is narrowed from 5 down to 2% top ranking subclasses. This anomaly can be readily explained by observing that the C segment, which has switched orientation in P.abyssi (see above), contains 23 (out of a total of 64) ribosomal protein genes which are counter-replication oriented in this species, thus accounting for the decreased percentage in this subclass.
Though it has been argued that the colinearity of transcription and replication was under strong selective pressure in E.coli or Bacillus subtilis, this might not be such a heavy constraint in other prokaryotes. This is exemplified by P.furiosus global gene orientation and by the C segment in P.abyssi, for which a significant portion of highly expressed genes can be reversed without a major influence on cell viability. Nevertheless, selection appears to favor replication/transcription codirectionality for highly expressed genes in Archaea as in Bacteria. This is highlighted by the increased ratio of replication-oriented genes in P.furiosus for the most highly expressed fraction of them (10-5 and 2% top ranking CAI genes; Table 1 ). As the massive invasion of P.furiosus by IS elements may have disrupted the global gene orientation and replication colinearity, once again this strain could be in a reorganization process.
CONCLUSION
Pyrococcus genomes comparison exemplifies well the recognized major causes of chromosome instability: first, non-homologous crossovers linked to replication forks, often resulting in very large segment rearrangements across the replication axis, which leads to characteristic X shaped alignment plots (12,13) (Fig. 1) . This type of event does not alter significantly the compositional organization features of the chromosome, such as gene orientation and strand oligonucleotide biases, because the resulting rearrangements are mostly synonymous. The other main recombination type is small scale segment shuffling, caused by homologous or site-targeted recombination of tRNAs, restriction-modification genes and IS transposition activity. This often leads to non-synonymous rearrangements, as opposed to the first scheme, and thus appears to promptly trigger active remodeling of the chromosome, presumably as the result of perturbations to sensitive sequence compositional parameters.
The three Pyrococcus genomes allow us to establish unambiguously the chronology of some recombination events by correlating rearrangements of syntenic segments with the corresponding modifications in sequence bias curves. The observed behavior of bias curves-with a decrease in perturbations going from the highly upset gene orientation skew, then oligonucleotide words, down to A/T at the third position in the codon triplet-are interpreted as a mechanism which favors restoration of the original curve shape. The most obvious consequence will be that the underlying sequence will have to evolve to fit its new environment (11, 37, 45) . We suggest that this perturbation-restoration model of genome evolution can be extended to other genome elements such as LCTRs, which exhibit a quite surprising mobile-like behavior. There is growing evidence that these elements might be involved at some stage of chromosome partitioning in archaea (40, 41) , but this does not seem to be critical for proper cell functioning. We infer that this preferred, but not obliged, sequence organization is maintained by appropriate LCTR shuffling whenever a chromosomal rearrangement occurs. The same conclusion Table 1 . Replication-translation colinearity in the three Pyrococcus genomes Pyrococcus genes are sorted by strength of expression, as measured by the CAI. In each subclass of top-ranking genes, the percentage of genes oriented in the same direction as replication is indicated. The CAI was calibrated with ribosomal proteins, whose sequence should be encoded by the most highly expressed genes. does indeed apply to other 'plastic' parameters, i.e. strand composition and gene orientation. Thus, our results clearly establish how structural modifications of the chromosome, i.e. recombination in this study, are able to promote and/or favor sequence mutations and rearrangements such that the original organization is restored. It might be that this mechanism is one of the major driving forces in genome evolution.
